We introduce a new color transformation representation based on higher-dimensional Bezier to maintain color consistency across non-linear devices (like commodity printers and displays) that yields more accurate and artifact-free results than existing methods. It is amenable to hardware implementation making it suitable for next generation commodity devices.
Objective and Background
Different input and output devices such as cameras, scanners, printers, displays, and projectors usually have different color gamuts. In order to maintain color consistency across multiple devices we need to have a transformation from every device color space to a device-independent color space such as CIE XYZ. This includes a forward transformation from the source device to the device-independent space and a backward transformation from the device independent space to the target device space ( Figure 1 ).
Ideal devices usually have (a) three linearly independent primaries; (b) no channel interdependencies; and (c) channel chrominance constancy. In such a situation, both the forward and the backward transformations are linear and can be achieved by a simple matrix multiplication. However, all the above properties are not true for most commodity devices. They are usually non-linear devices where chrominance is seldom constant across a channel and the channels have strong interdependencies, especially when more than three color primaries are used, as in CMYK printers and DLP/laser projectors.
In this paper we propose a novel and general representation that can be used for both the forward and backward transformations and can handle all the aforementioned nonlinearities in commodity devices. We use this representation to achieve accurate color consistency across multiple non-ideal devices.
Results

Visual and Numerical Comparison
In this section we provide results of using our approach to maintain color consistency across a CMYK printer and a DLP projector -both devices use four color primaries that exhibit considerable channel interdependency.
Our method shows significant improvement over the case when no color transformation is applied to achieve consistency across the source and target gamut (same image is sent to the display and printer). Next we compare our method with a method that assumes ideal linear devices and applies the standard process of a linear transformation (via matrix multiplication) followed by a gamma correction (via 1D look-up-table). Finally, we also compare our results with Windows Color System (WCS) [5] , a commercial software that claims to account for the device nonlinearities. Our results are perceptually better and numerically more accurate. We use two images for comparison. One is a smooth gradient going from black to white ( Figure 2 ). The other is a natural scene with both smooth and sharp gradients and a wide range of colors ( Figure 3 ). Figure 2 , our method shows the closest match on the projector to the printed gray gradient. In Figure 3 , our method produces results that are devoid of the quantization artifacts obvious in the sky for the other methods. To direct the attention to the areas of color mismatches, in Figure 4 we provide the gray scale images representing the normalized ΔE color difference in CIE LAB space between the printed image and the projected image at every pixel for the natural scene. The mean and maximum of the CIE LAB difference can be found in table 1 for both of the test images.
Note that in
We have replicated our results on LCoS projectors demonstrating the generality of the method. Further, we have also replicated our results on close to ideal three-primary LCD projectors demonstrating the backward compatibility of our method with existing ideal devices. 
Brief Description of Our Method
We first sample the input RGB image color space uniformly (9x9x9 = 729 samples) and measure their corresponding response in source and target device in CIE XYZ space. For this measurement, we used a high end SLR sRGB camera (Canon Rebel Xsi). We use the RAW images from the camera to assure linear camera gamma. Then, we use a simple matrix multiplication to convert from sRGB to CIE XYZ color space. Use of a more accurate color measurement device (like a colorimeter or a spectroradiometer) would assure more accurate measurement yielding better results.
For the printer, the 729 input RGB samples, (r p , g p , b p ), can be simply printed on a letter-size paper ( Figure 5 ). This printed paper is then captured by the camera to measure the corresponding CIE
XYZ outputs for the printer, (X p , Y p , Z p ). To measure the output of the projector, we project each input RGB value (r d , g d , b d ), on the projector and capture the produced color with the camera and convert them to XYZ, (X d , Y d , Z d ).
To assure that our measurements are not affected by the vignetting effects of the projector, we use a near Lambertian screen (white paper) and use only the central part of the projector where the vignetting is negligible [1] . To reduce the effect of camera vignetting, we use a small field of view camera at a very low aperture where the vignetting is negligible [6] . We use a 3x3 homography to geometrically align the camera with the projector or the printed paper [4] .
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Using our method across multiple projectors
In this section we demonstrate usefulness of our method to achieve color consistency across multiple projectors of various architectures in a tiled display. We made a three projector display with an LCoS, an LCD and a DLP projector. The results are shown in Figure 6 . We used existing methods [2] to correct the remaining spatial luminance variations. Our method is critical in enabling the use of different types of projectors in the same tiled display, a situation usually avoided due to color inconsistency issues.
Impact
Our method offers three critical advantages over existing color management techniques. (a) The first advantage of our method lies in its generality and ability to encode forward and backward transformations alike for any kind of non-ideal devices. (b) It produces superior results to any existing techniques, with significantly reduced color anomalies and quantization artifacts. (c) Further, Bezier functions are particularly suitable for hardware implementation [3] . Hence, our method has a great potential to be embedded in any current or next generation commodity devices allowing color consistency across a large number of disparate non-ideal devices. 4.
